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We  are  evaluating  a  facilitative  transport  strategy  to  move  oximes  across  the  blood  brain  barrier  (BBB)  to 
reactivate  inhibited  brain  acetylcholinesterase  (AChE).  We  selected  glucose  (Glc)  transporters  (GLUT)  for 
this  purpose  as  these  transporters  are  highly  represented  in  the  BBB.  Glc  conjugates  have  successfully 
moved  drugs  across  the  BBB  and  previous  work  has  shown  that  Glc-oximes  (sugar-oximes,  SOxs)  can 
reduce  the  organophosphonate  induced  hypothermia  response.  We  previously  evaluated  the  reactivation 
potential  of  Glc  carbon  C-l  SOxs.  Here  we  report  the  reactivation  parameters  for  VX-  and  GB-inhibited 
human  (Hu)  AChE  of  the  best  SOx  (13c)  and  our  findings  that  the  kinetics  are  similar  to  those  of  the  par¬ 
ent  oxime.  Although  crystals  of  Torpedo  califomica  AChE  were  produced,  neither  soaked  or  co-crystallized 
experiments  were  successful  at  concentrations  below  20  mM  13c,  and  higher  concentrations  cracked  the 
crystals.  13c  was  non-toxic  to  neuroblastoma  and  kidney  cell  lines  at  12-18  mM,  allowing  high  concen¬ 
trations  to  be  used  in  a  BBB  kidney  cell  model.  The  transfer  of  13c  from  the  donor  side  was  asymmetric 
with  the  greatest  loss  of  13c  from  the  apical-  or  luminal-treated  side.  There  was  no  apparent  transfer 
from  the  basolateral  side.  The  13c  Papp  results  indicate  a  Tow'  transport  efficiency;  however,  mass 
accounting  revealed  only  a  20%  recovery  from  the  apical  dose  in  which  high  concentrations  were  found 
in  the  cell  lysate  fraction.  Molecular  modeling  of  13c  through  the  GLUT-1  channel  demonstrated  that 
transport  of  13c  was  more  restricted  than  Glc.  Selected  sites  were  compared  and  the  13c  binding  energies 
were  greater  than  two  times  those  of  Glc. 

Published  by  Elsevier  Ireland  Ltd. 


1.  Introduction 

Currently  fielded  oxime  reactivators  2-pralidoxime  (2-PAM), 
obidoxime  and  potential  replacements  l,l'-methylenebis[4- 
[(hydroxyimino)methyl]-pyridinium]  dimethanesulfonate  (MMB- 
4)  and  [(£)-[l-[(4-carbamoylpyridin-l-ium-l-yl)methoxy- 
methyl]pyridin-2-ylidene]methyl]-oxoazaniumdichloride  (HI-6), 
do  not  appreciably  cross  the  blood  brain  barrier  (BBB)  and  do  not 
prevent  OP-induced  brain  seizure  activity  [1-3],  The  BBB  is  com¬ 
prised  of  an  endothelial  cell  layer  with  tighter  intercellular  junc¬ 
tions  as  compared  to  normal  capillaries  [4].  BBB-penetrating 
oximes  such  as  monoisonitrosoacetone  (MINA)  and  dihydropyri¬ 
dine  2-pralidoxime  (pro-2-PAM)  can  act  centrally  and  abrogate 
brain  OP-induced  seizure  activity  [5,6],  but  these  compounds  or 


*  Corresponding  author.  Tel.:  +1  410  436  6009;  fax:  +1  410  436  8377. 
E-mail  address:  Gregory.E.Garcia@us.army.mil  (G.E.  Garcia). 

0009-2797/$  -  see  front  matter  Published  by  Elsevier  Ireland  Ltd. 
http://dx.doi.org/!  0.1 01 6/j.cbi.2012. 09. 01 2 


their  breakdown  products  may  be  too  toxic  for  use  [6,7],  Other  strat¬ 
egies  to  deliver  oximes  across  the  BBB  (reviewed  by  Mercey  et  al. 

[8] )  include  facilitative  transport  where  sugar-oxime  (SOx)  conju¬ 
gates  could  be  transferred  by  glucose  (Glc)  transporters  (GLUT) 

[9] .  GLUTs  are  abundant  in  the  BBB  with  GLUT-1  capillary  density 
of  80-90  pmol/mg  membranes  [10].  Glc-conjugate  transport  has 
been  reported  [11-13].  GLUTs  have  not  yet  been  crystallized,  but 
a  homology  model  based  upon  the  bacterial  glycerol-3-phosphate 
transporter  (PDB  ID  1PW4  [14])  was  developed  and  reported  by 
Salas-Burgos  et  al.  (PDB  ID  1SUK  [  1 5])  and  formed  the  basis  for  stud¬ 
ies  to  explore  Glc  transporters  as  a  facilitative  transport  mechanism 
to  improve  reactivator  penetration  across  the  BBB. 

Expanding  on  the  work  of  Heldman  et  al.  [  1 6  ]  we  compared  their 
best  SOx  (N-[(3-p-D-glucopyranosyloxy)propyl]-4-pyr- 
idiniumaldoxime  chloride  (8b))  and  a  novel  SOx  of  our  own  design 
[9]  (Fig.  1).  Our  SOx,  N-[(3-p-D-glucopyranosyIoxy)octyl]-2-pyr- 
idiniumaldoxime  iodide  (13c),  reactivated  133%  and  113%  better 
than  8b  for  diisopropylfluorophosphate-  and  paraoxon-inhibited 
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Fig.  1.  Structures  for  Glc-1 -position  ether  sugar-oxime  series  of  compounds. 
Specific  compounds  (n,  parent  oxime):  8b  (3, 4PAM);  8c  (3, 2-PAM);  13c  (7,2-PAM). 


Fig.  2.  Multiple  reaction  monitoring  (MRM)  chromatogram  of  13c  in  cell  lysate 
sample  from  18  mM  apical  side  treated  MDCK  BBB  model  test.  13c  Retention 
Time  =  3.20  min.  The  transition  monitored  was  413  ->  251  m/z.  The  concentration 
determined  from  this  test  was  175  pM  as  shown  in  Table  3. 

human  red  blood  cell  (Hu  RBC)  AChE,  and  we  generated  pharmaco¬ 
phore  models  from  quantitative  structure-activity  relationships, 
and  2D  and  3D  comparative  molecular  field  analysis  models  [17]. 
The  pharmacophore  computation  adjusted  (PCA)  predicted  activity 
for  13c  had  an  excellent  correlation  with  the  observed  activity.  We 
have  continued  this  work  and  now  report  the  reactivation  parame¬ 
ters  of  these  SOxs  and  the  analysis  of  an  additional  novel  SOx  N-[(3- 
|3-D-glucopyranosyloxy)propyl]-2-pyridiniumaldoxime  chloride 
(8c)  predicted  to  be  active.  To  gain  insights  of  important  molecular 
contacts  between  SOx  and  AChE  we  explored  X-ray  crystallographic 
studies  of  8b  and  13c.  In  addition,  we  developed  computational 
models  to  predict  the  transport  potential  of  GLUT-1  for  novel  com¬ 
pounds  that  could  be  extremely  valuable  for  designing  BBB-pene- 
trating  SOxs  and  correlate  this  model  with  experimental  results. 

2.  Materials  and  methods 

2.1.  Sugar-oxime  synthesis 

Materials  and  reagents  were  purchased  from  Sigma-Aldrich  (St. 
Louis,  MO).  8c  was  synthesized  as  described  earlier  [9],  Structures 
were  confirmed  by  NMR  utilizing  a  Varian  Unity  INOVA  at 
600  MHz  using  5  mm  Penta  (H,C,N,P,D)  pulse  field  Z-gradient 
(PFG)  probe  at  25  °C  and  liquid  chromatography-mass  spectros¬ 
copy  (LC-MS)  (data  not  shown). 

2.2.  Reactivation 

Human  whole  blood  was  obtained  from  volunteers  in  accordance 
with  the  USAMRICD  donor  program  (USAMRI CD  M-10088).  Hu  RBCs 
were  treated  with  OPs  to  yield  80-95%  inhibited  AChE  [9].  AChE 
reactivation  was  determined  at  several  SOx  concentrations  and  as¬ 
sayed  by  the  discontinuous  method  [18]  to  determine  the  initial 
(Vj),  final  (vo),  and  intermediate  (vt)  AChE  activity  levels.  The  data 
were  plotted  according  to  equation  ln((v0  -  vt)/(v0  -  vf))  =  —kobst 


where  kobs  is  estimated  as  the  slope  of  the  best-fit  line.  A  secondary 
plot  was  made  of  fcQbs  vs.  [SOx],  The  equation  kobs  =  kr  =  SO x/(/CD  +  - 
SOx)  and  nonlinear  regression  was  used  to  estimate  I<D  and  kr.  The 
specific  reactivity,  fcr2,  was  calculated  using  equation  kr2  =  kT/KD. 
Curve  fitting  was  done  using  Prism  software  Ver.  4.0  (Graphpad  Inc.). 

2.3.  Toxicity 

Neuroblastoma  SHSY-5Y  cells  were  treated  with  increasing  con¬ 
centrations  (0.1-12  mM)  of  13c.  The  24  h  post-treatment  viability 
was  determined  using  the  AqueousOne  Cell  Titer  kit  (Promega 
Corp.,  Madison,  WI). 

2.4.  Blood  brain  barrier  (BBB)  modeling 

The  multidrug  resistance-1  Madin-Darby  canine  kidney  (MDR1- 
MDCK)  cell  model  was  used  (Absorptive  Systems  Inc.,  Exton,  PA). 
Compounds  were  prepared  in  water.  2-PAM  (poor  BBB  penetrant) 
was  used  at  5  pM,  and  the  test  compound  13c  was  used  at  5, 
50  pM  and  6,  12,  and  18  mM.  Samples  were  collected  after  2  h. 
For  the  mM  oxime  tests  cell  lysates  were  prepared.  Lucifer  yellow 
and  trans  epithelial  electric  resistance  (TEER)  measurements  were 
used  as  culture  integrity  checks.  TEER  values  ranged  from  1640  to 
1942  Ohm-cm2.  The  apparent  permeabilites,  Papp,  were  calculated 
according  to  Wang  et  al.  [19]  for  the  receiver  compartments  fol¬ 
lowing  apical  and  basolateral  treatment.  In  these  cultures,  apical 
refers  to  the  luminal  or  exterior  side  and  basolateral  refers  to  the 
abluminal  or  tissue  compartment  side.  The  brain  penetration  po¬ 
tential  of  a  test  compound  is  classified  as  low,  moderate,  or  high 
using  the  following  criteria:  a.  Low:  Papp  A  ->  B<  3.0  x  10~6  cm/s, 
b.  Low:  Papp  A  ->  B  >  3.0  x  10~6  cm/s,  Efflux  >10,  c.  Moderate: 
Papp  A  ->  B  >  3.0  x  10~6  cm/s,  10  >  Efflux  >  3.0,  d.  High:  Papp 
A  -►  B  >  3.0  x  10~6  cm/s,  Efflux  <  3.0. 

2.5.  Analytical  SOx  assay 

We  developed  a  more  sensitive  LC-MS/MS  assay  than  the  Crea- 
sey  and  Green  assay  [20]  to  analyze  blood  brain  barrier  (BBB)  sam¬ 
ples.  Samples  were  acidified  to  pH  2  and  then  deproteinized  by 
ultrafiltration.  Samples  were  stored  at  -80  °C  until  use.  LC  separa¬ 
tion  was  performed  using  a  1260  series  binary  pump  equipped 
with  a  1290  series  autosampler  (Agilent,  Santa  Clara,  CA)  operated 
at  a  flow  rate  of  300  pL  min-1  isocratic  conditions  (44%  Solvent  A: 
acetonitrile,  56%  Solvent  B:  40  mM  ammonium  acetate)  at  24  °C. 
Separations  were  over  a  PolyCAT  A  column  (100  mm  x  2.1  mm 
i.d.,  3  pm)  and  a  Javelin  (10  mm  x  2.1  mm)  guard  cartridge  (PolyLC 
Inc.,  Columbia,  MD)  of  5  pL  injections.  Oximes  were  detected  with 
a  4000  QTrap  mass  spectrometer  (AB  Sciex,  Foster  City,  CA) 
equipped  with  an  electrospray  ion  source  operated  in  positive  ion¬ 
ization  mode  at  5  kV.  The  source  conditions  were  curtain  gas  flow 
of  20  psi,  temperature  of  50  °C,  GS1  (cone  gas)  at  60  psi,  GS2 
(desolvation  gas)  at  25  psi,  and  interface  heater  on.  Collision  gas 
(nitrogen)  was  set  on  “high".  Multiple  reaction  monitoring 
(MRM)  mode  was  used,  and  the  conditions  for  each  MRM  transi¬ 
tion  were  optimized  and  are  as  follows: 

Transition  Q1  Q3  Dwell  DP  EP  CE  CXP 

name  m/z  m/z  time 

_ (ms) _ 

13c  Quantifier  413.3  251.2  150  193.5  7.5  35.09  15.91 

13c  Qualifier  413.3  122.9  150  193.5  7.5  43.07  6.2 

2-PAM  137.1  93.1  150  60.29  13.18  31.12  7.58 


DP  =  declustering  potential,  EP  =  entrance  potential,  CE  =  collision 
energy,  CXP  =  collision  cell  exit  potential;  all  potentials  are  reported 
in  V. 
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Oxime  concentration,  |iM 

Fig.  3.  Reactivation  of  VX-inhibited  hu  RBC  AChE  by  2-PAM  and  13c,  8c  on  the  left,  and  8b  on  the  right. 


Data  were  processed  using  Analyst  version  1.5.2  (AB  Sciex,  Fos¬ 
ter  City,  CA).  The  lower  limit  of  quantitation  (LLOQ)  for  13c  and  2- 
PAM  was  ~20  ng/mL  and  there  was  negligible  ion-suppression.  A 
LC-MS/MS  representative  chromatogram  from  a  cell  lysate  analysis 
is  shown  in  Fig.  2.  Matrix-matched  standards  were  used  for  stan¬ 
dard  curve  generation. 

2.6.  Molecular  modeling 

The  translocation  of  Glc  and  13c  through  the  GLUT-1  receptor 
was  studied  using  two  computational  techniques,  viz,  molecular 
dynamics  (MD)  simulation  and  Glc-GLUT-1  docking  studies.  The 
MD  simulations  were  performed  using  Discovery  Studio  version 
3.1  (DS3.1)  molecular  modeling  software,  and  the  docking  studies 
were  performed  with  Sybyl-X  version  1.3  molecular  modeling  soft¬ 
ware.  All  MD  simulations  with  DS3.1  used  CHARMm  forcefield, 
Momany-Rone  charges  and  implicit  water  solvation  (Generalized 
Born  approach).  All  docking  studies  used  Amber7  FF02  force  field 
with  Amber  charges.  PDB  ID  1SUK  (homology  modeling  derived 
structure)  was  cleaned,  solvated  in  water,  and  equilibrated  while 
constraining  the  backbone  atoms  to  preserve  the  bioactive  confor¬ 
mation  and  optimal  side-chain  locations.  The  FlexiDock  algorithm 
based  on  Genetic  algorithm  was  used  for  docking.  Compounds 
were  positioned  manually  at  the  various  locations  in  the  Glc  chan- 


Table  1 

Reactivation  parameters  of  sugar-oximes. 


Agent 

Oxime 

kT  (min) 

Kd  (pM) 

kr2  (min  ]mM  *) 

kr2  ratio  2-PAM 

VX 

2-PAM 

0.116 

28.67 

4.060 

1.000 

8b 

0.089 

629 

0.141 

0.035 

8c 

0.085 

138.5 

0.616 

0.152 

13c 

0.101 

15.08 

6.680 

1.645 

GB 

2-PAM 

0.131 

23.59 

5.556 

1.000 

8b 

0.447 

2669 

0.168 

0.030 

8c 

0.063 

156.60 

0.401 

0.072 

13c 

0.056 

15.45 

3.637 

0.654 

Table  2 

SOx  13c  transport  in  MD-MDCK. 


Sample 

SOx  Concentration 

Treatment  SOx  (mM) 

Measured  SOx  (jiM) 

mM 

Mean 

SD 

Apical 

Receiver 

6 

2.65 

0.09 

12 

3.56 

0.51 

18 

7.08 

0.22 

Cell 

6 

37.8 

6.51 

12 

66.1 

4.79 

18 

175.4 

4.28 

Donor 

6 

1169 

53.0 

12 

2153 

283.5 

18 

3722 

234.2 

Basolateral 

Receiver 

6 

0.82 

0.02 

12 

1.46 

0.29 

18 

1.71 

0.17 

Cell 

6 

0.77 

0.1 

12 

1.93 

1.04 

18 

3.15 

0.62 

Donor 

6 

6041 

247 

12 

11883 

135 

18 

19554 

135 

nel.  Flexidock  experiments  were  performed  with  the  specified 
number  of  generations  as  shown  in  Table  6.  For  13c  docking  exper¬ 
iments  13c  was  aligned  with  Glc  from  the  Glc-GLUTl  docked 
poses.  For  all  MD  experiments  the  standard  dynamics  cascade  pro¬ 
tocol  as  devised  in  DS3.1  was  used.  The  GLUT-1  backbone  atoms 
were  constrained  by  employing  the  Fixed  Atom  constraints  meth¬ 
od.  In  the  standard  dynamics  cascade  protocol,  the  NVT  approach 
was  employed  with  the  following  settings  in  the  minimization 
(steepest  descent  500  steps  followed  by  conjugate  descent  500 
steps),  heating  and  equilibration  (5000  steps  each)  and  production 
(10,000  steps)  steps.  The  target  temperature  was  set  to  310  K  to  re¬ 
flect  the  physiological  temperature  rather  than  the  standard  room 
temperature. 
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Table  3 

List  of  amino  acids  involved  in  the  PDB  structure  lSUK-defined  helices  of  GLUT-1. 


1SUK  PDB  helices  #/amino  acid  residue  # 


PDB-H# 

Residue  # 

PDB-H  # 

Residue  # 

PDB-H  # 

Residue  # 

HI 

S5-G31 

H8 

L169-N182 

H15 

N360-F375 

H2 

133-140 

H9 

L185-P187 

H16 

V376-F379 

H3 

T47-R51 

H10 

L188-C207 

H17 

G384-A392 

H4 

T60-F90 

Hll 

R253-E261 

H18 

L394-N397 

H5 

G91-S113 

H12 

R264-Y292 

H19 

G398-F422 

H6 

M121-S148 

H13 

N304-R330 

H20 

G430-G471 

H7 

Al 51 -LI  69 

H14 

T335-L357 

H21 

H484-S490 

Table  4 

List  of  amino  acids  involved  in  the  Mueckler  defined  helices  of  GLUT-1. 


Mueckler  2008  helices  #/amino  acid  residue  # 


M-H# 

Residue  # 

M-H# 

Residue  # 

M-H# 

Residue  # 

MH1 

S5-I40 

MH5 

A151-N182 

MH9 

T335-L357 

MH2 

T60-F90 

MH6 

L185-C207 

MH10 

N360-A392 

MH3 

G91-S113 

MH7 

R264-Y292 

MH11 

L394-F422 

MH4 

M121-S148 

MH8 

N304-R330 

MH12 

G430-G471 

Table  5 

List  of  amino  acids  involved  in  the  GLUT-1  Glucose  channel  along  with  the  Mueckler 
and  PDB  defined  helices  numbers. 


Mueckler  helices/PDB  helices/amino  acid  residue  # 


M-H# 

PDB-H  # 

Residue  # 

M-H  # 

PDB-H  # 

Residue  # 

MH1 

H2 

S23-I40 

MH7 

H12 

R264-Y292 

MH2 

H4 

T60-F90 

MH8 

H13 

N304-R330 

MH4 

H6 

M121-S148 

MH10 

H15-H18 

N360-N397 

MH5 

H7-H8 

A151-N182 

MH11 

H19-H20 

G398-G471 

3.  Results 

3.1.  Reactivation 

The  reactivation  of  VX-inhibited  Hu  RBC  AChE  by  2-PAM  and 
SOxs  is  shown  in  Fig.  3  (GB  data  not  shown).  The  reactivation 
parameters  are  shown  in  Table  1.  The  kr2  ratio  of  13c  to  2-PAM 
was  1.67,  while  8c  yielded  0.152  and  8b  0.035.  This  indicates  that 
13c  is  the  best  SOx  reactivator  to  date  and  that  a  2-PAM  derivative 
is  better  for  VX  and  GB  than  the  4-PAM  derivative.  We  have  previ¬ 
ously  reported  that  13c  is  a  better  reactivator  than  13a  (3-PAM 
derivative)  and  13b  (4-PAM  derivative)  [9],  so  it  appears  the  pre¬ 
ferred  parent  oxime  is  2-PAM. 

3.2.  Toxicity 

13c  was  found  to  be  nontoxic  up  to  12  mM  (highest  concentra¬ 
tion  tested)  for  the  neuroblastoma  cell  line  SHSY-5Y.  13c  was  also 


well  tolerated  by  MDR1-MDCK  cells  treated  for  2  h  in  low  Glc  med¬ 
ia  (5  mM)  with  13c  concentrations  as  high  as  18  mM  (the  highest 
concentration  tested-data  not  shown).  These  results  indicate  that 
toxicity  of  13c  appears  similar  to  that  of  8b  [17]. 

3.3.  Blood  brain  barrier  model 

The  MDR1-MDCK  cell  line  is  a  well  documented  BBB  model 
[20].  This  cell  line  expresses  several  GLUTs  (GLUT-1,  2,  3  and  5) 
with  asymmetric  distribution  [21].  The  Papp  was  low  for  5-50  pM 
concentrations  of  2-PAM  and  13c  (data  not  shown).  As  these  exper¬ 
iments  were  performed  in  Glc  concentrations  of  15-20  mM  (typi¬ 
cal  culture  media)  the  experiments  were  repeated  at  the 
physiologically  relevant  Glc  concentration  of  5  mM.  13c  concentra¬ 
tions  up  to  18  mM  revealed  a  dose-dependent  asymmetric  trans¬ 
ference  with  the  apical  treatment  yielding  higher  levels  in  the 
receiver  well  and  cell  lysates.  The  13c  Papp  was  low  for  all  concen¬ 
trations  tested  with  the  apical  treatment  yielding  >  4  x  the  recei¬ 
ver  side  concentration  than  the  basolateral  side  as  shown  in 
Table  2.  The  summation  of  compartment  concentrations  reveals 
that  18  mM  apical  dosing  is  20%  of  that  from  the  basolateral  side 
((3904.48  pM/19558.86  pM)  *  100). 

3.4.  Modeling 

The  homology  model  structure  of  GLUT-1  (PDB  ID  1SUK)  was 
defined  to  comprise  21  alpha-helices  by  Salas-Burgos  et  al.  [15], 
and  the  amino  acids  comprising  the  helices  are  shown  in  Table  3. 
The  amino  acids  comprising  the  12  alpha-helices  defined  by  Meuc- 
kler  et  al.  [22]  are  shown  in  Table  4,  which  also  shows  that  the  Glc 
channel  is  flanked  by  helices  1,  2,  4,  5,  7,  8,  10  and  11.  In  the  PDB 
1SUK  structure  the  same  Glc  channel  translates  to  helices  number¬ 
ing  2,  4,  6,  7,  8,  12,  13,  15,  16,  17,  18,  19  and  20.  The  exact  amino 
acids  defining  the  Glc  channel  of  the  Meuckler  et  al.  helices  and 
PDB  1SUK  helices  are  shown  in  Table  5.  The  exact  amino  acids  from 
the  Glc  translocation  channel  have  been  identified  as  Glu-254  and 
Lys-256  [23],  Trp-388  [15],  and  Trp-412  [24].  Seven  docking  loca¬ 
tions  in  the  Glc  channel  were  identified  and  are  listed  in  Table  6 
and  named  according  to  their  positions  in  the  channel.  The  outer¬ 
most  docking  location  is  termed  extra  cellular  mouth-1  (ECM-1). 
The  next  location,  deeper  into  the  mouth,  is  ECM-2,  while  the 
deepest  location  is  ECM-3.  The  docking  location  closest  to  Trp- 
412  in  the  central  region  is  termed  central  Glc  channel-1  (CGC- 
1),  and  the  next  location  deeper  toward  the  cytoplasm  is  CGC-2, 
while  the  deepest  is  CGC-3.  The  docking  location  at  the  intra  cellu¬ 
lar  mouth  is  termed  ICM.  A  GLUT-1  ribbon  model  is  shown  in 
Fig.  4A,  and  the  movement  of  Glc  is  shown  for  the  individual  sites 
in  Fig.  4B.  The  docking  parameters  and  results  are  shown  in  Table  6. 
The  binding  energies  of  Glc  and  13c  varied  from  -477  to 
-166  Kcals/mol,  and  -868  to  -269  Kcals/mol,  respectively.  For 
both  there  was  a  maximum  affinity  at  ECM-2.  MD  simulations  with 
Glc  and  13c  placed  at  the  various  positions  for  time  periods  of  2  ps 


Table  6 

Docking  experiments  parameters  and  results  for  Glc  and  13c. 


Glc 

location 

Reported  Glc 
binding  AA 

Binding  site  # 
bonds  for  Glc 

FlexiDock  # 
generations  for 
Glc 

Obsd  binding 
energy  Kcals/mol 
for  Glc 

GLUT-1  overlay 
1SUK  RMSD  for 
Glc 

Binding  site  # 
bonds  for  13c 

FlexiDock  # 
generations  for 

13c 

Obsd  binding  energy 
Kcals/mol  for  13c 

ECM-1 

_ 

91 

110500 

-241.7 

0.25 

339 

181000 

-581.9 

ECM-2 

- 

232 

122000 

-476.7 

0.28 

444 

240000 

-867.5 

ECM-3 

W412 

199 

105500 

-382.8 

0.27 

487 

240000 

-750.9 

CGC-1 

W412 

187 

122000 

-334.7 

0.34 

453 

238000 

-743.2 

CGC-2 

- 

112 

122000 

-166.0 

0.27 

220 

240000 

-288.9 

CGC-3 

W388 

107 

122000 

-168.4 

0.27 

254 

240000 

-395.9 

ICM 

E254/K256 

137 

122000 

-288.6 

0.23 

137 

80000 

-268.5 
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Fig.  4.  GLUT-1  structure  and  Glc  movement  through  channel.  (A)  Cartoon  repre¬ 
sentation  of  the  GLUT-1  theoretical  model  (PDB  ID  1SUK)  [15]  created  using  PyMOL 
[27];  (B)  Picture  of  binding  locations  along  the  Glc  channel  in  GLUT-1  shown  with 
Glc:  (1)  extra  cellular  mouth-1  (ECM-1);  deeper  into  the  mouth,  is  (2)  ECM-2; 
deepest  location  is  (3)  ECM-3;  the  docking  location  closest  to  Trp-412  in  the  central 
region  is  (4)  central  Glc  channel-1  (CGC-1);  next  location  deeper  toward  the 
cytoplasm  is  (5)  CGC-2;  the  deepest  location  is  (6)  CGC-3.  The  docking  location  at 
the  intra  cellular  mouth  (ICM)  is  (7). 

showed  them  traveling  in  the  intracellular  mouth  direction  (data 
not  shown). 

4.  Discussion 

SOxs  have  now  been  shown  by  us  and  others  to  be  relatively 
good  reactivators  compared  to  monoamine  quaternary  pralidox- 


ime  derivatives  [9,16,17,25],  and  13c  is  the  most  effective  SOx 
reactivator  to  date  (Table  1 ).  We  developed  and  validated  molecu¬ 
lar  models  with  reactivation  improvement  (8c  vs.  8b,  Table  1). 
SOxs  also  appear  to  be  relatively  non-toxic  with  guinea  pig  LD50 
of  1590  mg  kg-1  [9],  Assuming  a  one  compartment  model,  the  esti¬ 
mated  blood  level  of  SOx  at  the  LD50  would  be  42  mM.  The  LD12.5  is 
10.5  mM  and  greater  than  two  times  the  normal  Glc  blood  level  of 
5  mM.  8b  pharmacokinetics  shows  that  SOx  can  attain  Tmax  quickly 
(10  min,  similar  to  2-PAM)  from  an  1M  administration  but  has 
longer  mean  residence  time  (2  h  vs.  less  than  80  min  for  2-PAM) 
[17].  These  are  all  desirable  characteristics  of  a  reactivator,  but  it 
was  the  finding  of  the  amelioration  of  the  body  temperature 
depression  response  to  pesticides  that  made  these  compounds  of 
interest  to  cross  the  BBB  [16].  The  first  experiments  to  test  the 
transport  of  13c  in  a  BBB  model  were  done  with  0.005  and 
0.05  mM  SOx.  No  measurable  13c  was  found  in  the  receiver  wells 
(Table  2).  These  experiments,  however,  were  conducted  at  the  typ¬ 
ical  cellular  maintenance  Glc  concentration  of  15-20  mM,  so  it  is 
possible  that  at  low  concentrations  13c  would  not  compete  well 
for  the  transporter.  We  then  tested  13c  up  tol8  mM  at  the  physi¬ 
ologically  relevant  5  mM  Glc  concentration  and  found  that  13c 
transport  appears  to  be  asymmetric  with  greater  efficiency  from 
the  apical  (luminal)  side.  The  18  mM  13c  treatment  yielded  after 
2  h  — 7  and  1.7  pM  13c  on  the  receiver  side  of  apical-  and  basolat- 
eral-treated  sides.  This  sidedness  was  also  apparent  for  cell  lysates 
with  175  vs.  3.15  pM  13c  found  from  apical  and  basolateral  dosing 
respectively.  These  results  indicate  that  there  appears  to  be  signif¬ 
icant  removal  of  13c  from  the  apical  side  and  nearly  none  from  the 
basolateral  side.  We  hypothesize  that  GLUT  transporters  on  the 
apical  side  are  more  efficient  than  those  on  the  basolatereral  side 
for  13c  such  that  13c  becomes  trapped  inside  the  cell.  In  addition, 
since  not  all  the  13c  mass  could  be  accounted  for  (~80%  unac¬ 
counted)  which  suggests  that  once  inside  the  cell  13c  is  metabo¬ 
lized  or  catabolized  and  that  the  products  not  are  detectable  as 
13c  (413  m/z).  Further  analysis  is  needed  to  determine  what  these 
might  be  and  whether  a  functional  oxime  moiety  is  transferred 
across  the  BBB,  though  no  longer  as  parent  SOx,  and  explain  the 
apparent  CNS  effects  of  SOx;  or,  there  is  some  other  as  yet  uniden¬ 
tified  mechanism  for  SOx  BBB  penetration  that  may  not  primarily 
involve  GLUTs.  Regardless  of  mechanism,  efficacy  studies  are  in  or¬ 
der  to  evaluate  the  utility  of  the  SOxs. 

Attempts  at  soaking  of  Torpedo  californica  (TcAChE)  crystals 
with  8b  or  13c  were  unsuccessful  (data  not  shown),  TcAChE  crys¬ 
tals  were  soaked  with  various  concentrations  (5-80  mM)  of  either 
8b  or  13c  SOx.  These  results  demonstrate  that  SOxs  have  an  appar¬ 
ent  low  affinity  for  the  apo  active  TcAChE.  The  weak  molecular 
interactions  are  likely  the  outcome  of  entropy-enthalpy  compen¬ 
sation  [26].  A  stronger  protein-ligand  interaction  will  also  result 
in  a  reduction  of  the  configurational  freedom  of  the  system  and 
thus  a  reduction  of  the  entropy.  Correspondingly,  by  taking  into  ac¬ 
count  effects  such  as  the  desolvation  enthalpy  and  entropy  and  the 
conformational  restriction  that  accompanies  binding,  weaker 
molecular  interactions  will  produce  a  looser  molecular  association 
and  an  increase  in  entropy.  Studies  are  in  progress  to  elucidate  the 
structures  of  VX  and  GB  nonaged  and  aged  conjugated  forms  of 
TcAChE  with  8b  or  13c. 

The  modeling  results  lay  the  ground  work  to  examine  the 
molecular  dynamics  of  GLUT-1  transport  of  SOxs.  The  docked 
GLUT-1  molecule  and  the  original  PDB  molecule  1SUK  had  an 
excellent  overlay  with  RMSD  values  varying  from  0.2  to  0.3  A  as 
shown  in  Table  6.  Table  6  shows  that  13c  had  lower  binding  energy 
values  at  each  location  examined  than  Glc  indicating  that  GLUT-1 
would  be  a  relatively  poor  transporter  for  13c.  The  ECM2  site 
had  the  lowest  values  for  Glc  and  13c  and  we  therefore  postulate 
that  the  Glc  channel  has  a  bottle  neck,  where  the  transported  mol¬ 
ecule  is  captured  with  moderate  binding  affinity  of -242  Kcals/mol 
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for  Glc  and  -582  Kcals/mol  for  13c  at  the  ECM-1;  then  the  mole¬ 
cule  translocates  to  the  ECM-2  position  and  is  bound  most  tightly 
with  binding  energy  of  -477  Kcals/mol  for  Glc  and  -868  Kcals/mol 
for  13c.  After  this,  the  subsequent  energies  diminish  showing  that 
Glc  and  other  Glc-like  molecules  could  traverse  through  the  Glc- 
channel.  The  basolateral  treatment  data  supports  this  finding  as 
there  was  no  apparent  facilitated  transport  from  this  compart¬ 
ment.  In  contrast,  the  different  results  from  the  apical  treated  side 
suggest  that  these  transporters  have  some  transport  potential  for 
the  Glc  C-l  conjugate  as  overall  transfer  is  2x  that  of  the  basoloat- 
eral  side  with  a  55  x  greater  amount  associated  with  the  cell  frac¬ 
tion.  These  results  suggest  that  conjugation  through  the  Glc  C-l 
site  may  not  be  best  for  facilitated  transport  by  GLUTs.  Based  on  lit¬ 
erature  reports  of  drug  delivery  and  the  recent  GLUT-1  models  Glc 
linked  through  the  C-6  position  may  produce  better  compounds  for 
transport.  The  models  we  have  devised  could  be  applied  to  these 
compounds  for  virtual  screening  of  candidate  SOxs. 
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